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cti = cT0 − (uxi + vyi)  ~ n  
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u = sin(θ) cos(φ)
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si (r > r0)
n:ðQ


















































































ÕAD!hfyLhfD`avbqRÆEGF<HV[)R#[GdebedeK<S2jN½ NGUDªDLK¬]<DLNGbgDLhfDLU*KNGUDª]>K/R#K>dgHVUÌR#deKYGSTLbgDLUT/lS2]½¾STLF>deK P(1) =


















































































































































































































er I<R#UwzdgDLFvÑ`_`_#R#N ~ IJNGdebebgDLKvÑ`_`_
Ø
deUTLbeN]a
bgD4F<S]<DR#N@YGDr]>NGFJRVTDrYGDob½  []<DLF>wVR#K<HVdeF<DvÉ7dgDLF>F<DvMONGPQDLF£RRVTTLNGh"NGbgS ≈ 2.94 1010 TDLbebeNGbgD]ﬀ(Xð]/DTHVUYGD]a
]<HVdeK4NGUDRVTTDLEGK/R#UTDOK<HVK/R#bgDYGD
1.35 1011
Ç h 2 ]>F4]a*HVÈ 4280









































































































































































































K>l)R#bnQÉHVNGFobgD]oR#UGP`bgD]4ÔSLUGdeK>l)R#Nﬀsk]>NGESLF>dgDLNGF<]o» ∼ 45◦ a`bqRxCRVYﬀde[HVKrYGDLw*dgDLU*KNGUDHVUTLK>dgHVUk]>K>F>dgTLK<DLhfDLU*K
YGSTLF<HVdg]<]/R#UK<DYGD\bqRŁYﬀdg]>K/R#UTD»'b½§RsﬀD`acTHVU]<Sj*NDLUTD@YGD\bqRkhfHVdeU]HVF>K<D@SLwQHVbeNGK>dgHVU2YGD\b½¾SLE)R#dg]<]<DLNGF-YﬀN
vú $@ÃQÃQ$ÜﬁfÃQyÛ;& Á*&tÛ%&ÂÞGÃQ
Distance to axis in m


















 eV18E = 10
 eV18.6E = 10
 eV19E = 10
 eV19.6E = 10
Distance to axis in m


















 ° = 0θ
 ° = 36θ
 ° = 45θ



































Distance to axis in m























Distance to axis in m




























































































































































































































































































































αFe(E)×PFen (E) + [1− αFe(E)] ×Ppn(E)



























































































































ÀÂ¾ ÍÏÁ5À ﬀ Í ¾Y* ÀÒ(lÆÈÁÈÀ ÀÒ ﬂÒÏÀ Á5ÎÉÊÀ ﬀÏÀÂ¾
Á5Ä














































































































































[−1µs ; +2µs] DLK7D]>K7SLK>dgjNDLK<SDR#hB[GdeP`ÐD}]>d δt R#EGE)R#F>K>dgDLUK
»





























































































ti − T0 + (uxi + v yi +
√







u = sin θ cos φ
a
v = sin θ sin φ
a




















































































Sthi (S1000 , xc , yc)− Si
]2
Sthi (S1000 , xc , yc)
`ðﬀn§ÑQ
HVÈ









r2i = (xi − xc)2 + (yi − yc)2 + (zi − zc)2 −
(
u(xi − xc) + v(yi − yc) +
√






































































ti − T0 + (uxi + v yi +
√




















































































R(xi, yi, zi) = R0 −−→ri · −→d u,v,w = R0 − (xi − xc)u− (yi− yc)v− (zi − zc)
√











ti − T0 + (uxi + v yi +
√









































































































































α(θ) = 4.69 − 17.6 cos(θ) + 26.7 cos2(θ)− 12.16 cos3(θ) `ðﬀn ` 
β(θ) = −2.14 − 10.1 cos(θ) + 10.9 cos2(θ) + 3.9 cos3(θ) `ðﬀn  ÑQ
γ(θ) = 0.29 − 0.75 cos(θ) + 0.56 cos2(θ)− 0.1 cos3(θ) `ðﬀn  ~ 
DLKEHVNGF}bgD]}UH¼R#NﬀsYGDADLF-
α(θ) = 6.01 − 22.1 cos(θ) + 32.1 cos2(θ)− 14.1 cos3(θ) `ðﬀn  *
β(θ) = −0.02. + 2.23 cos(θ) − 1.2 cos2(θ) `ðﬀn  ðQ













































































 = 56θS(1000) from fit LDF  
°














































































































































































































































































































































































































































































































η = 0.85±0.03 ]<DLhB[GbgDuyLK>F<DOTHVhE)R#K>de[GbgDRwQDTubgD]oYGHVUGUSD]4EcHVNGFbgD] S1000 ]>NGEcSLF>dgDLNGF<]















































































Xground ' 875 Pn¾TLh −2 aDLKxE)R#F"THVU]<Sj*NDLUK
EHVNGF























































































































































































E = 0.15 (S38)
1.08 `ðﬀn§Ñ#*
RwQDTxbgD]}deUTDLF>K>deK>NYGD]O]>NGdew`R#UK<D]O]>NGFbgD]E)R#F/R#hfiLK>F<D]B


































































































































































































F (sin2 θ) =
1
]<d
sin2 θ < sin2 θ0
exp
(
















































































Y½§R#K>K<SLUN)R#K>dgHVUXYGHVUGUSDkE)R#FBbqR¬hfSLK>lHzYGDŁ6D> EcHVNGF>F/R#deK\yLK>F<DkF/R#dg]<HVUGU)R#[GbgDLhfDLUK ∼ 10% EGbeN]BSLbgDLwQSD
jNDxTDxj*NDxUHVN]uRwQHVU]}deUYﬀdgj*NS`a]<HVdeKEGbeNGK<ÚVK


















































































































0◦ < θ < 60◦
DLKuEHVNGF























































Proton (θ < 60◦)
`ðﬀn§Ñ÷`





















































































1.08 `ðﬀn ~`~ 
RwQDTAbgD]deUTDLF>K>deK>NYGD]O]>NGFvbgD]E)R#F/R#hfiLK>F<D]"












































































































E = 0.78 (±0.03) ×EMC Hyp.proton `ðﬀn ~ *
























































































Ç h 2 n¾]<Fn¾]aGHVN 2850





































































E ∈ [1018.6 eV , 1019.6 eV] NGUDEcDLUK<DfbgHVPR#F>deK>lﬀ
hdgjNDkYGD
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 -r]xa ∝ E−γobs aGDLKvbqR\EcDLUK<D-YﬀN





D(E) ∝ Eβ nQM]>Nﬀ¥k]/R#hhfDLU*K
l)R#NGK<DOSLUDLF>P`dgD`a






















































































D = λ c/2 D = λ c
Ñ@YﬀdehfDLU]>dgHVU]
D = λ c/4 D = λ c/2
~
YﬀdehfDLU]>dgHVU]

























































































































































[r , r + dr ]
¡J@$ .JO§|¨$³¿ª.ë





















Distance / Libre parcours moyen

















0.22 N= 10 pas
N= 25 pas
N= 50 pas
Distance / Libre parcours moyen



















N = 10 _ N = 25
â°á



































































dϕ cos θ sin θdθ
∫ λ
0
d` [1 + αd · u(θ, ϕ)]
(







































































































































( ÇÓ ¾|ÆÈÁ5Íﬁ(lÆ5ÉÊÇÓ ﬀÏÀ¾ Ä É¾fÇÅÆÈÁ5Ç+*¿ÉÊÀ¾ ~
ÎÁ Ä+ﬁﬀÏÀ ﬂÒ( 'ÏÀ






















á Ó]ð_ß¥×æ!Ó]å!ßnÞnÜÝÓIÞ>ßvÚ6Ù!ÞÜÝÛ=ßnêêxßûêFÙÚ#ÓIÛGÒÒÙ*ð#×ß¶Ö1ß¥Þß×æ!ðÒnÜÝÞnÓ×/ÜÝÛÝæ*ðþÖ!Ó Ö!Û Ú.-!êxß¹Ö1Ñ7Úßnð#ÖYÖ1ß
êá Ø^/Ú6æ*ÜØ6ßnÒ/ßëÓßvê>á æ!ðâñÙ!ÛÝÜÊÒnÓ]ÞùêFÙÕÖ!ÛGÒnÜÝÞnÛ=äÓIÜÝÛ=æ!ðYÙ!ðIé!Ó]êFÙ!ÛÞß¥à3êúÙùÚ#ÓIÛhÒÒÙ!ð#×ßâÖ1ßvÞ>ß×>æ!ðÒÜÝÞÓ×/ÜÝÛ=æ!ðwÖ!ÓaÖ!Û Ú.-!êxß


































































































































(u)dΩ = Φ(u)E0 dΩ −→ Ni,j = Φi,jE0 δωi,j . 	÷zn:ðQ
HVÈ E0 D]>KAb½¾DtsﬀEH`]>deK>dgHVU2YGD@bqRŁF<SLP`dgHVUÅYﬀN2TLdgDLb dΩ DLUªh 2 n¾]Îta]>NGEGEcH`]<SD@yLK>F<D@dgYGDLUK>dgj*NDfEcHVNGFxK<HVNGK<D]
bgD]xF<SLP`dgHVU]-YﬀNTLdgDLbnCRŁwVR#bgDLNGF"YGD E0 UDI>HVN)R#UKBR#NTLNGUÅF<ÚVbgD`acUHVN]-NGK>debedg]<DLF<HVU] E0 = 1 h 2 n¾]aYR#U]
TDLKrDtsGDLhEGbgDx]>dehEGbed­)SxR­U¬Y½¾STLF>deF<DObgD]vF<S]<NGbeK/R#K<]r]/HVN]oNGUDOHVF>hfDAjNGdEDLF>hfDLK>K>F/R@YGDOwzdg]>N)R#bedg]<DLFvEGbeN]
RVTLdebgDLhfDLU*KNGUDvR#U)R#bgHVP`dgDrRwQDTrbgDEGF<HzTD]<]>N];YGDhkR#F<T<lDR#bgSR#K<HVdeF<D`nDbR#NGK;TDLEDLUYR#U*K£PR#F<YGDLF£»}b½¾D]>EGF>deK




























I0 → S0 =
∑
(i,j)














































F (u) = 1
"Y½ NGUDŁE)R#F>Ka£DLK»





























































































(u)dΩ = Φ(u)E(u)dΩ −→ Ni,j = Φi,jEi,jδωi,j . 	÷zn  ÑQ




















































































































































































δ → 90◦ − θ °¡
















































































d = cos θmin − cos θmax
s = cos θmin + cos θmax























































y) + (sS0 − 2Sz)2


















p = −1 a γ = 1/3 tn





























































































































θz ≤ 60◦ ta
K/R#UYﬀdg]\j*NDfbqR%]<DTHVUYGD'EDLF>hfDLK@YGD'F<DTHVU]>K>F>NGdeF<DŁbgD]BSLwQSLUDLhfDLU*K<]kR¼R#U*K























































































































































σ(δα/α) ∝ (α√N)−1 a)EDLF>hfDLK>K/R#U*KY½¾STLF>deF<DBbgD
F/R#EGEHVF>Ku]<deP`U)R#b]>NGF}Yﬀdg]>EcDLF<]>dgHVUmY½ NGUDxhfD]>NGF<D"YGHVUGUSD-THVhhfDf








































































































































































































































































































































































a»THVhE)R#F<DLFARwQDT ' 11◦ EcHVNGFubgD
]>deK<Dx]>NY¬]<DLNGbn



































































































































































































































N  1/α2 
aﬀbqR@Yﬀdg]>K>F>de[GNGK>dgHVU%YGDxb½§R#hEGbedeK>NYGD"F<DTHVU]>K>F>NGdeK<D-]½¾STLF>deKB



















































≈ 0.58 	÷zn ~ *
rDLK>K<D"w`R#bgDLNGFOD]<KOYGHVUTBK<HVNGK»fR#deKDLU!RVTTHVF<Y¤RwQDT\TDLbebgDBHV[GK<DLU*ND\DLU!]>deh"NGbeK/R#K>dgHVU¤U*NGhfSLF>dgjND@YR#U]


































































N  3/α taDLK}THVhEGK<D-K<DLUN%YGD]OR#EGEGF<HsﬀdehkR#K>dgHVU] sin γ ≈ γ DLK
cos γ ≈ 1− γ2/2 aGbqR@EGF<HV[)R#[GdebedeK<SBY½§RwQHVdeFONGUmR#UGP`bgD γ » dγ EGF<i]}]½¾STLF>deK"












































































































































































































































































Reconstruction of the dipole amplitude for quadrupolar anisotropy
 = 5 (%)quadα
 = 10 (%)quadα
 = 15 (%)quadα
 = 20 (%)quadα
 = 25 (%)quadα
 = 30 (%)quadα
 = 35 (%)quadα
 = 40 (%)quadα
 = 45 (%)quadα










































Kα ≈ 0.33 aDLUXNGK>debedg]/R#U*Kfb½¾SjN)R#K>dgHVUô	÷zn§Ñ ~ \HVUXEDLNGKfD]>K>dehfDLFbqR¤]<deP`UGd­)TR#K>dew*deK<SYGD





















(1 + αD · u +
∑
i,j



















































































































Φ(u)dΩ , I =
∫









I0 = Φ0 I =
1
3
Φ0 × αD , et Iij = 2
15




































































































































1 +  S˜zz
S˜0





















































































































































[σ(δx/x)]−1 = Kx × x×
√




































reconstruction accuracy of the




































































λ3 > λ1 = λ2 = −λ3/2
Á
³µ´@¶ ©$|³¿¯"¨«À¢¤¡©$J|§°²³¿«À6¹











































































































































































































































































K>F<HVNGwQD\YR#U]bqRkÔHVUD Eopt ' 0.08  Eopt ' 0.15 EcHVNGFObgD\YﬀdeEcÚVbgDBDLKAbgD\jN)RVYﬀF>deEcÚVbgD`aUHVN]T/lHVdg]>deF<HVU]
















































































































P (αrec ≥ α) ]<HVdeK}deUﬀSLF>dgDLNGF<D"» 0.27% n
ù½§R#doTR#bgTLNGbgSkUNGhfSLF>dgj*NDLhfDLUK@bgD]-EGF<HV[)R#[GdebedeK<S]
P (αrec ≥ α) R#N2EGF<DLhdgDLF\DLKB]<DTHVUYHVF<YﬀF<D-DLK


















































































































































































































































N = 1.6 105
SLwQSLUDLhfDLUK<]a)bqR@wVR#bgDLNGFubedehdeK<DBR#NEGF<DLhdgDLFHVF<YﬀF<D-D]>KuYGD





















































































































































































































∣∣∣∣ c3 α sin θdc1 + c2 α cos θd







































































































∣∣∣∣ c3 sin θdc1 + c2 α cos θd
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cos θ Seff [E, θ(α, δ, t), ϕ(α, δ, t)] dt 
_Co
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Seff [E, θ(α, δ, t)]
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 SG ±0.5 SG E ±0.7 SG ±0.7
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 SG/Ý ±0.8 ½MG/Ý ±0.3 ½MG ±1.3
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 SG/Ý ±0.8 ½MG E ±0.7 ½MG ±1.2



























































à ±0.3 E'G/x ±0.6 MG/½ ±1.3














 ±8   ±16 xS ±35
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à ±0.3 E'G/x ±0.6 MG/½ ±1.3
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 xMG ±0.4 SG/ ±2.2 SG/½ ±2.5











Ý ±13 à ½ ±62 N¨x ±64
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 xMG ±0.4 SG ±1.3 SG/Ý ±2.2















































 ±17 àSà ±47  ±101
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 MG/½ ±0.3 ÝMG  ±0.4 MG/½ ±0.8
s  "B:*C7C58('J:#)87CgS%:7 t >1.=%'>L#["Ý
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 ±0.3 ÝMG ±0.5 SG ±0.8
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 E'G/½ ±0.4 MG/ ±0.7 ½MG ±1.8











 ±12 à Ý ±21 Ý ±52
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 ±0.4 SG ±0.8 SG/½ ±1.6













































° ¬ ¬<;>=?; @ £A®CB @ £DE ± ; FHG ¢JI&B ± ©@JDﬁI; « ;
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Φ(u)dΩ , I =
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I0 = Φ0 I =
1
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n − cos(θmin)n] et ∆ij = ci − cj
T















































































γ1 = (c4c1 − c3c2)2
γ2 = (c3c1 − c22)(c5c1 − c23)
γ3 = 2(c3c1 − c22)




1 +  S˜zz
S˜0









































































c1 → −2 c2 → 0
c3 → −2/3 c4 → 0
c5 → −2/5
∆31 → 4/3 ∆53 → 4/15
γ1 → 0 γ2 → 64/135
γ3 → 8/3 γ4 → 0
 → 0
ξx → ξy → ξz → 0
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° ¬ ¬<;>=?; @ £A®CB @ £DE ± ; F L I¥¢\[HIDI® £¥®^]
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u2D = (cosϕ , sinϕ) et D2D = (Dx , Dy)
`U#X02#L>45A#4(:D
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< cos2 ϕ >=
∫ 2pi
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r1h = s =
pi

























° [H[HI¢{4A<; A¢ ©D]Õ£DE ± ; « ± I&@^_¨¢­¬ ¬<;CB ;ª¬ £
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spectral index at the source, x
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